Introduction
The thermal regime and stratification of lakes is one of the key factors in lake ecosystems determining ecosystem structure and function at all trophic levels (e.g. Schindler et al., 1996a; Xenopoulus and Schindler, 2001) . Main components include the efficiency of nutrient recycling (Fee et al., 1992 (Fee et al., , 1996 , amount of photosynthetically active radiation in the mixed layer (Jones and Arvola, 1984; Fee et al., 1992) , the vertical distribution of organisms (Arvola et al., 1992; Peeters et al., 2007) , and the habitat volume available to cold stenotherms (Schindler et al., 1996a) . In addition to direct physical forcing, the thermal stratification of lakes is controlled by complex interactions of several environmental factors such as wind fetch and lake size, basin morphometry, altitude, and water clarity/dissolved organic carbon (DOC) (e.g. Fee et al., 1996; Snucins and Gunn, 2000; Livingstone et al., 2005; Saloranta et al., 2009) .
Long term changes in weather patterns (temperature, precipitation, wind speed, solar radiation, etc.) have both direct impact on the lake thermodynamic properties and light climate, and indirect impact on chemical and biological conditions via the lake catchment (Forsius et al., 1997; Järvinen et al., 2002; Nickus et al., 2010) . In colder regions where lake ice and snow cover is formed, lakes may show a particularly sensitive and non-linear response to changes in climate, owing to the discontinuities in water behaviour both at 0 • C (ice freezing/melting) and at 4 • C (density maximum of fresh water), and to the fact that ice and snow cover can effectively hamper fluxes of light, heat, matter and momentum between the atmosphere and the water column (Saloranta et al., 2009) . Thus the projected climate change may have an especially profound impact on the chemistry and ecology of lakes in colder regions (Livingstone and Dokulil, 2001; Järvinen et al., 2002; Weyhenmeyer et al., 2008) . Climate change projections for Finland based on six general circulation models (GCMs) give a range of increases for mean annual temperature between 2.4 • C and 7.4 • C and for annual precipitation of 6% to 34% between the baseline period 1961-1990 and the period 2070-2099 (Jylhä et al., 2004) . The predicted future increase in wind speed is also expected to increase the input of mixing energy to lakes in Finland (Saloranta et al., 2009 ). The stratification cycle and heat balance of lakes can be manipulated by artificially increasing the input of mixing energy (Lydersen et al., 2008) . Controlled, experimental manipulation of mixing processes can thus open for the direct effects of climate change on lake ecosystems, in situ, in real time, and at the whole-ecosystem scale. Here we report results of a thermocline manipulation experiment (THER-MOS) carried out in the small humic lake Halsjärvi (southern Finland) during [2003] [2004] [2005] [2006] [2007] . The aims of this experiment were to:
-Apply a thermodynamic model (MyLake, Saloranta and Andersen 2007) to the collected data and simulate the effect of climate change scenarios. The model results were also used for the design of the manipulation experiment.
-Quantify the effects of controlled thermocline manipulation on biogeochemical cycles (including Hg), foodweb structure and productivity, and biodiversity in dystrophic systems.
-Compare results of the Finnish experiment with the Norwegian THERMOS lake manipulation experiment, where a clear-watered deep lake has been manipulated (Lydersen et al., 2008) .
The focus in this paper is on describing the experimental design, use of thermodynamic modelling for setting the manipulation targets, and observed changes in main physical and chemical variables. Results on changes in biota and mercury processes are described elsewhere (Rask et al., 2010; Verta et al., 2010) .
Materials and methods
The approach of this study was a paired whole-lake manipulation experiment in which one lake (Halsjärvi) was manipulated while the other (Valkea-Kotinen) served as a reference. Modelling was an integral component of the design, where the thermodynamic MyLake model (Saloranta and Andersen, 2007) was used for both predicting the impacts of climate scenarios and for determining the manipulation target of the experiment.
Site descriptions
The reference site Valkea-Kotinen is a small headwater catchment situated in a remote, unmanaged forested area in southern Finland (Table 1 ). The catchment is in a protected conservation area and only receives background levels of air pollution. The catchment has an area of 0.30 km 2 and the lake elevation is 156 m a.s.l. Typical of glaciated boreal, the catchment contains areas of forested mineral soil (higher elevations), peatland (lower elevations and adjacent to the lakes and streams) and a discharge lake with a stream. The mineral soils in the catchments are predominately Podzols developed in shallow glacial drift (till) deposits (Starr and Ukonmaanaho, 2001; Holmberg et al., 2006) . The forest cover consists mainly of old-growth mixed stands of Norway spruce and deciduous species (birch and aspen) with large individuals of Scots pine present. The lake (0.041 km 2 ) in the Valkea-Kotinen catchment has a mean depth of 3 m and a single discharge, and is typical for the large number of small lakes in these boreal forested regions. Valkea-Kotinen is one of the most intensively studied small catchments in Finland, with extensive catchment and limnological data available (e.g. Keskitalo et al., 1998; Starr and Ukonmaahano, 2001; Holmberg et al., 2006; Futter et al., 2009 ). The catchment is part of the UN/ECE ICP-Forests and ICP IM monitoring program in Finland (Starr and Ukonmaanaho, 2001) .
The lake Halsjärvi was selected from the same area to be as similar as possible to Valkea-Kotinen regarding the main characteristics (Table 1) . The distance between lakes is 4.5 km. The catchment of Halsjärvi has similar Podzolic soils, till deposits and forest vegetation as Valkea-Kotinen, although the lake itself is surrounded by the glacial-fuvial sand deposits. Both lakes are shallow, highly humic and oligotrophic (Table 2) , and have comparable levels of total organic carbon (TOC) and main nutrients. Valkea-Kotinen is, however, more acidic than Halsjärvi.
MyLake model application and scenario analysis
The one-dimensional MyLake lake simulation model (Saloranta and Andersen, 2007) was used to simulate the daily vertical distribution of lake water temperature and thus density stratification, as well as evolution of seasonal lake ice and snow cover. MyLake was coupled with automatic model calibration, uncertainty-and sensitivity analysis tools (Fourier Amplitude Sensitivity Test (FAST); Markov Chain Monte Carlo (MCMC) simulation). The model MyLake was setup and calibrated at the reference lake Valkea-Kotinen, the manipulation lake Halsjärvi and the larger Pääjärvi lake, and both model sensitivity tests and model runs with climate change scenarios were carried out. The daily meteorological time series representing the future projected climate (2071-2100) and the present climate (control period, 1961-1990) at Lammi region were obtained from a regional climate model (RCAO model, Rossby Center, Sweden; Jones et al., 2004; Räisänen et al., 2004) . Two different global general circulation models (GCMs) ECHAM4 and HadAM3, were used for providing the lateral atmospheric boundary condition forcing for the RCAO model. Furthermore, two different greenhouse gas emission scenarios, A2 and B2 (IPCC 2001; generally less greenhouse gas emissions in B2 than in A2 scenario) were used in RCAO model simulations. A detailed description on the model calibration and scenario results is given in Saloranta et al. (2009) .
Experimental design
The MyLake model was used already in the planning phase of the manipulation experiment to select the target depth for lowering of the thermocline. The primary objective with the thermocline manipulation was to simulate projected future increase in the open water season lake mean temperature (i.e. heat content) in the end of the 21st century due to climate change. Thermocline manipulation is the only reasonable way to increase the whole-lake temperature by the needed amount, as direct heating of the lake water would be prohibitively expensive and technically very difficult to carry out. Based on the model simulations, the manipulation target was set to a lowering of the thermocline in Halsjärvi with 1.5 m, to a mean depth of about 3 m. A comparison of the heat content increases in the manipulation experiment and in the simulated future climate is presented and discussed in more details in Sect. 3.2. As the local monthly mean wind speeds are not expected to increase very much in the climate model projections (Fig. 1) , the long-term mean thermocline depth is not expected to undergo as dramatic changes as in the manipulation experiment. However, the manipulation experiment indicates a representative scenario for changes in single extreme years or changes in the lake wind exposure, e.g. due to forest fire or clear-cut (see Fee et al., 1996; Xenopoulus and Schindler, 2001) . A modified commercial aeration equipment (MIXOX, Water-Eco Ltd, Finland) was used for manipulating the thermocline depth. The deepening of the thermocline was accomplished by means of an electrically-driven propeller positioned at 1.5 m depth below a raft anchored at the deepest point of the lake ( The modified equipment allowed a well controlled manipulation of the thermocline depth and heat content of the lake (Sect. 3.2).
Sampling methods
The lakes were sampled once a week in 2004-2006, biweekly in 2007 during the open water season, and once a month during the winter period. Water samples were taken from the middle of the lake at the deepest point. Temperature and oxygen profiles were measured with 0.5 m intervals, and other variables as integrated samples for three depths accord- ing to the currently observed stratification of the lake (i.e., epi-, meta-and hypolimnion). At the reference lake ValkeaKotinen also samples from the outlet of the lake are monitored using frequencies varying from weekly to monthly during the year. Samples were analysed for Ca 2+ , Mg 2+ , K + , Na + , Cl − , SO 2− 4 , NO − 3 , NH + 4 , totP, totN, total organic carbon (TOC), colour, chl-a, pH, conductivity and Gran alkalinity (Table 2) in the laboratories of the Lammi Biological Station (University of Helsinki) and Finnish Environment Institute, using standardised methods (SFS standards). Conductivity was measured conductometrically with temperature compensating cell. The value of pH was obtained electrometrically at 25˚C with a pH meter, and alkalinity was measured by Gran-titration. Base cations (Ca, Mg, Na, K), iron (Fe) and manganese (Mn) were measured by flame-AAS. Some analysis of Fe and Mn were determined colorimetrically after oxidation with K 2 S 2 O 8 . Sulphate (SO 4 ) and chloride (Cl) were measured by ion chromatography (Dionex). Total phosphorus (totP, non-filtered) and total nitrogen (totN, non-filtered) were analysed by FIA Lachat with persulphate digestion ( Koroleff, 1979) . The sum of nitrate-nitrite (N/NO 3 + NO 2 ) and ammonium (N/NH 4 ) were measured by FIA Lachat (Wood et al., 1967; Solorzano, 1969) . TOC was measured by Shimadzu TOC-5000A with high-temperature combustion, and water colour (mg Pt l −1 ) was measured by Shimadzu UV2100 spectrophotometer at 420 nm with platinum cobalt standards. Chlorophyll-a (chl-a) was analysed by Shimadzu UV2100 spectrophotometer using hot ethanol as a solvent.
Main nutrients, pH and conductivity were analysed most frequently in both lakes, while the variables assumed to be more conservative (main cations and anions) were given less attention in the reference lake Valkea-Kotinen (Table 2) . Background sampling (n = 11) was done in Halsjärvi already in 2003 for selected variables (pH, conductivity, totN, totP, TOC) but was not included in the statistical analysis. Time series of temperature profiles were recorded by thermistor chains installed at 0.5 m intervals in the lakes. Whole-lake volume-weighted average concentrations were calculated using the measured concentration and estimated lake volume for each compartment. Due to technical and logistic problems some analyses were missing particularly in the reference lake Valkea-Kotinen. Assumptions made in the calculations are documented in Table 2 .
Only results on main chemical and physical variables are dealt with in the present paper. Methods and results regarding the intensive measurements on Hg and lake biota are described in Rask et al. (2010) and Verta et al. (2010) .
Statistical analysis
Randomized Intervention Analysis (RIA, Carpenter et al., 1989 ) was used to test for statistical significance of changes that can be ascribed to the manipulation. RIA method is designed specifically for paired-ecosystem experiments, in which one ecosystem is manipulated while the other serves as a reference. The method does not assume that the two lakes are identical, but rather that both lakes respond similarly to natural fluctuations. The method requires a pretreatment monitoring period during which the inherent difference between the lakes is determined, and then a treatment monitoring period. The method tests the hypothesis that the difference between the lakes changed when the treatment was initiated. In this study RIA was used to compare paired, chronologically-ordered samples for the four-year data record (one year pre-treatment, two years treatment, one year post-treatment) from the manipulated (Halsjärvi) and reference (Valkea-Kotinen) lakes. The RIA was done separately for the pre-and post-treatment periods. For the pretreatment period only values for the year 2004 were used.
Results

MyLake modelling: impacts of climate change scenarios on lake thermodynamics
The MyLake simulation results for Valkea-Kotinen (Fig. 3) showed that the whole-lake monthly mean temperature in the A2 scenario increased in April-October by 1.4-4.4 • C compared to the control period (all such value intervals in this section correspond to the minimum and maximum of the 90% credibility intervals of the results with HadAM3 and ECHAM4 forcings), the largest increase being in April, corresponding to the large decrease in the probability of ice cover in March-April (−0.2 to −0.9). A similar larger drop in the probability of ice cover was also seen in November. The mean length of the ice covered period was shortened by 56-89 days. The simulated water temperature increase was largest in the epilimnion, being 4.6-6.1 and 3.5-4.6 • C higher in April and May, respectively, in the A2 scenario compared to the control period. Similarly, in June-November the simulated epilimnion temperature in A2 scenario was 1.9-3.8 • C higher, while in December-February almost the same (<0.45 • C difference), compared to the control period.
In the hypolimnion the simulated difference between A2 scenario and control period was largest in April and October (1.2-2.6 • C difference), and smallest in December-February (<0.4 • C difference). The simulated mean monthly pycnocline depth (closely related to thermocline depth; calculated as density gradient weighed mean of the depth) increased from 1 to 3 m in May-September in the control scenario and does not seem not to undergo very dramatic changes in the (Fig. 4) . Furthermore, the manipulation did not affect surface temperatures significantly but increased the near-bottom temperatures by up to 8 • C (Figs. 4c and 5a, b) . As shown in Fig. 6 , the MyLake model predicted increased heat content of on average 9.5 MJ m −3 (equivalent to 2.3 • C increase in the water mass temperature) in the period from late May to late October (i.e. the manipulation period) in 2071-2100 compared to , when forced with meteorological time series from the regional climate model RCAO, assuming the A2 emission scenario and two different general circulation model boundary forcings (ECHAM4 and HadAM3). The increased mean heat content in the manipulation experiment was 11.1 MJ m −3 (equivalent to 2.6 • C increase in the water mass temperature) in the same period, indicating that the lake manipulation experiment seemed to represent the average simulated future increase in heat content in the summer/autumn season quite well.
The seasonal evolution of this warming was different between the simulated and manipulated cases. In the simulated future scenario the largest warming was on average seen early and late in the open water season, in May and October, while in the manipulation experiment the warming was largest in the mid-summer in July. However, taking into account the two different GCM boundary forcing scenarios as well as the uncertainty in MyLake model parameters, the seasonal evolution of warming in the manipulation experiment was still within the 95% credible interval of the simulated year-to-year warming (Fig. 6) . 
Observed changes in water chemistry
Volume-weighted chemical characteristics for the pretreatment (2003-2004), treatment (2005-2006) and posttreatment period (2007) for Halsjärvi and Valkea-Kotinen are shown in Table 2 . All values refer to the period MayOctober for the different years. Also shown are the differences in concentrations in Halsjärvi relative to ValkeaKotinen and change in difference for the treatment relative to pre-and post-treatment years (Table 3 ). The change due to treatment was tested by Randomized Intervention Analysis (RIA, Carpenter et al., 1989) . Since it was assumed that the treatment could cause some "carry-over" effects to the post-treatment period (2007), the analysis was done separately for the pre-and post-treatment periods. Note that in the RIA analysis only values for the year 2004 are included in the pre-treatment period (Table 3) .
Both lakes are shallow, highly humic and oligotrophic (Table 2). TotP concentrations were about 9-15 µg l −1 and TOC 11-14 mg C l −1 . Halsjärvi has higher concentrations of main cations (6.2 mg l −1 Ca vs. 2.4 mg l −1 Ca in Valkea-Kotinen during the pre-treatment period) and consequently higher pH and conductivity. A typical phenomenon for this type of small humic boreal lakes is the strong regulation of oxic conditions by the thermal stratification patterns. Due to warm weather after spring ice melt in 2004, 2005 and again in 2006 the spring overturn was incomplete and both the experimental lake Halsjärvi and the reference lake Valkea-Kotinen exhibited anoxic conditions in the hypolimnion from late winter through summer till autumn overturn (Fig. 7) . (Fig. 7) . The manipulation caused changes in several other water quality variables as well (Tables 2 and 3 , Fig. 8 ). The largest changes were observed for the nitrogen species totN and NH 4 , where a clear statistically significant decline was observed compared with the pre-treatment period (Table 3 , Fig. 8a, c) . The change observed in Halsjärvi was −215 and −54 µg l −1 for totN and NH 4 , respectively (treatment minus pre-treatment period). Also the relative changes ascribable to treatment (i.e. differences in concentrations in Halsjärvi relative to Valkea-Kotinen) were similar (treat-pre = −154 and −47 µg l −1 , respectively). This was related to a similar decline in organic carbon (both TOC and colour), which also was statistically significant (p < 0.01) compared with both pre-treatment (−6.3 mg l −1 , −81 mg Pt l −1 ) and posttreatment periods (−2.5 mg l −1 , −20 mg Pt l −1 ). The change in NO 3 was, however, not statistically significant (Table 3) . NO 3 concentrations in Halsjärvi decreased rapidly after iceoff in May during all years (Fig. 8e) . For tot-P the observed increase was significant (p < 0.1) only relative to the posttreatment conditions (Table 3) .
Sedimentation traps installed in Halsjärvi indicated that the gross sedimentation of dry matter increased four fold from 12.7 g m −2 and 11.3 g m −2 in 2004 and 2007 to 55.7 g m −2 in 2005 (six week period from early July to late August, Verta et al., 2010) . The increase in gross sedimentation can be explained by the precipitation of Fe and Mn aggregates due to mixing induced oxygenation of soluble Fe and Mn species. This is reflected also as decreased average concentrations of Fe and Mn as a result of the experiment (Table 3, Fig. 8f ). The decrease in Fe during treatment was statistically significant compared with both the pre-treatment (p < 0.01) and post-treatment (p < 0.05) periods (Table 3) . During all anoxic periods in Halsjärvi, Fe in the hypolimnion reached high levels (but with a smaller volume in 2005, 2006 and 2007) with a drop during autumn overturn.
In the epilimnion of lake Halsjärvi there was an increase in alkalinity as well as in the concentration of Fe and NH 4 just after the onset of the artificial mixing in summer 2005 (not shown). However, the elevated concentrations decreased within a few weeks and reached their pre-treatment levels in July. In contrast, in the hypolimnion a decline in conductivity, alkalinity, NO 3 and the major cations (Ca and Mg) was observed immediately after starting the mixing, but the pre-treatment levels were reached along the restratification of the water column. Regarding the average volume-weighted concentrations, a slight statistically significant decrease in alkalinity (−0.08 mmol l −1 , p < 0.01) was observed during treatment relative to the pre-treatment period; compared with the post-treatment period a statistically significant (p < 0.01) stable situation was indicated ( Table 3 , Fig. 8b ). Chlorophyll-a (chl-a) showed a statistically significant decrease during treatment, compared with both the pre-treatment (−10 µg l −1 , p < 0.01) and posttreatment (−9.8 µg l −1 , p < 0.01) situation (Table 3) .
The RIA indicated in general consistent results for the treatment vs. pre-treatment (treat/pre) and treatment vs. posttreatment periods (treat/post, Table 3 ). However, the changes in concentrations were generally lower during the treatment vs. post-treatment periods.
Discussion
Predicting responses to ecosystem perturbations is among the greatest challenges to ecology. Small experimental systems often have limited power if changes in biogeochemical cycles or complex biotic relationships are studied. Whole ecosystem experiments are a powerful method for evaluating and predicting environmental change, and well-known experiments have successfully been conducted in both terrestrial and freshwater ecosystems (e.g. Carpenter et al., 1995; Schindler et al., 1996b; Wright, 1998; Lydersen et al., 2008) . However, there are also serious limitations with the approach, including tradeoffs regarding replication, spatial extent and duration due to financial constraints. In addition, the natural outdoor conditions cannot be controlled. Ecosystem experiments, such as the one carried out in the present study, are therefore more useful to measure responses and their ecological significance than to test null hypotheses and their statistical significance (Carpenter et al., 1995) .
A shift in climate variables such as air temperature, radiation, cloud cover, wind or humidity will influence the heat fluxes and thus alter the heat balance of lakes and rivers. The strength and persistence of the climate signal with time and depth are determined by the lakes' geographical location, landscape topography, lake morphometry, and mixing conditions (Dokulil et al., 2006; Weyhenmayer et al., 2008; Nickus et al., 2010) . The MyLake simulation results for ValkeaKotinen indicated large changes in the whole-lake monthly mean temperature for the A2 scenario in April-October and a large decrease in the probability of ice cover in March-April. The simulations with ECHAM4 forcing showed generally slightly larger changes than those with HadAM3 forcing, and similarly the changes in A2 scenarios were obviously larger compared to B2 scenarios. However, the general pattern of change was much the same in all these scenarios (Sect. 3.1). Analysis of long-term data series demonstrate that changes in the thermal regime in lakes have indeed occurred during the past decades. For example, Korhonen (2006) analyzed freeze-up and break-up records of almost 90 lakes in Finland dating back to the early 19th century, and ice thickness records of about thirty lakes dating back to the 1910s. This analysis showed both a significant change towards earlier ice break-up, except for the very north of Finland, and a significant trend towards a later freeze-up, thus resulting in a shorter duration of the ice.
The extensive manipulation of the thermocline in Halsjärvi resulted in large changes in the thermodynamic properties of the lake which rather well represented the average simulated future increase in heat content in the summer/autumn season (Fig. 6) . The modelled result for the A2 scenario was 9.5 MJ m −3 compared with the measured 11.1 MJ m −3 of the manipulation experiment. Although the seasonal dynamics of this warming was different between these cases, the uncertainty analysis indicated that the seasonal evolution was still within the range of year to year variability of climate warming. Although an attempt was made to make the climate change perturbation as realistic as possible using advanced thermodynamic modelling for setting the manipulation target, the design was obviously not a completely realistic simulation of the expected changes in physical conditions in the lake given the predicted large increases in air temperature. That would require heating up the water in the entire lake (combined with some mixing to ensure realistic heat distribution and simulation of predicted increases in wind speed) and would be prohibitively expensive and technically extremely challenging to carry out. On the other hand, the design is about the only relevant whole-lake manipulation that can be achieved and with which the effects of changed temperature (degree days for production etc.) can be directly measured. The manipulation experiment indicates also a representative scenario for changes in single extreme years or changes in the lake wind exposure, due extensive forest management and forest fires. Such catchment changes have been shown to affect thermal regimes in lakes (Steedman and Kushneruik, 2000; Xenopoulos and Schindler, 2001 ). The average wind speed is also expected to increase somewhat according to the predictions for the study region (Fig. 1) , which would tend to lower the depth of the thermocline of the lakes. This impact would however be smaller than caused by the artificial mixing. Nevertheless, the experiment provides direct evidence on how lake ecosystems may respond to future global change processes.
The artificial mixing and lowered thermocline clearly modified the oxygen stratification during the summer seasons (Fig. 7) . The expansion of the oxic water (volume) layer in Halsjärvi increased the spatial coverage of the oxic sediment surface from <20% to 60% of the surface area of the lake (oxic-anoxic interfaces). This change in the oxygen stratification and precipitation of the Fe and Mn aggregates likely explain the observed increase in totP (statistically significant only relative to the post-treatment conditions, Table 3 ). Verta et al. (2010) concluded that the new exposed epilimnetic sediments caused by a lowering of the thermocline were a major sink for methyl mercury in the epilimnion, which was then recorded as decreased methylHg concentrations in fish (Rask et al., 2010) . According to Rask et al. (2010) , the isotope data for Halsjärvi indicated a drop in perch δ 13 C. A plausible explanation is that it reflected increased incorporation of methane-derived carbon into perch tissue in the lake, due to changes in food web structure. Change in the oxygen regime is thus a key process in small humic lakes with steep thermal and chemical stratification, and if the oxygen deficiency in the hypolimnion will be affected, the consequences for the entire ecosystem can thus be highly significant. It is likely that these oxygenrelated changes would be more important for many processes than direct temperature changes caused by climate change in these lake ecosystems.
Other key changes observed in Halsjärvi were the statistically significant decline particularly in totN, NH 4 and organic carbon (both TOC and colour; Table 3 , Fig. 8 ). For NO 3 the observed decrease was not statistically significant (Table 3 ). The late month of June during the pre-treatment period in 2004 was exceptionally rainy (more than 80 mm during four days of heavy rain), causing extremely high discharge and unusually high levels of TOC in both Halsjärvi and Valkea-Kotinen (Fig. 8d) . During the treatment years 2005-2006 the precipitation was close to the long-term average, which explains the reduced levels of nutrients and organic carbon during this period (treat-pre in Table 3) . A straightforward explanation for some of these observed changes is that the catchment area of Halsjärvi is almost two times larger than in Valkea-Kotinen (Table 1) , and therefore water residence time is shorter. Consequently the catchment area has a stronger impact on the lake, and changes in chemistry were faster and larger in Halsjärvi than in ValkeaKotinen during the high-discharge period. It is well-known that element leaching is following the precipitation pattern, with higher fluxes during periods of elevated runoff (e.g. Dillon and Molot, 1997; Correl et al., 2001) .
However, the absolute differences in Halsjärvi as well as the relative difference between the lakes (Hals-Valk, Table 3 and Fig. 8 ) indicated that also the manipulation caused some of the observed changes. Factors which likely were affected by the artificial mixing in Halsjärvi include microbial decomposition, sedimentation and photo-oxidation of organic matter. The sedimentation traps installed in Halsjärvi indicated an increase in the gross sedimentation of dry matter by a factor of four (from 12.7 g m −2 and 11.3 g m −2 in 2004 and 2007 to 55.7 g m −2 in 2005, Verta et al., 2010) . Vähätalo (2000) estimated that microbial decomposition was responsible for 93 % of the organic carbon mineralization in Valkea-Kotinen during the summer months and the rest could be ascribed to the direct and indirect effects of solar radiation. Recent evidence points to the significant role of freshwater ecosystems in many carbon cycling processes, such as CO 2 and CH 4 efflux and C storage in sediments Tranvik et al., 2009; Rantakari, 2010) .
According to Kortelainen et al. (2006) , small boreal lakes are very important as conduits for transferring terrestrially fixed C to the atmosphere, with an annual CO 2 evasion of about 50 Tg. A climatic regulation of the carbon cycling processes has previously been indicated for Finnish lakes, where the highest annual CO 2 emission was observed when the precipitation was highest (Rantakari and Kortelainen, 2005) . Hari et al. (2008) carried out continuous CO 2 flux measurements at lake Valkea-Kotinen and observed a clear increase in flux at higher wind speeds. The lake acted as a CO 2 source. CO 2 fluxes were not measured in Halsjärvi, but is probable that part of the observed TOC decrease during the experimental period was, in addition to the observed increased sedimentation, due to enhanced mineralization of organic matter.
Increases in DOC concentrations have been observed in surface waters over large areas in northern Europe and North America, and processes related to both climate and deposition changes have been suggested as likely causes (Tranvik et al., 2002; Vuorenmaa et al., 2006; Monteith et al., 2007) . Using the dynamic model INCA-C, Futter et al. (2009) were able to simulate present day (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) increasing trends in DOC in the lake and catchment outflow of Valkea-Kotinen as functions of observed climate and modelled SO 4 deposition.
The largest increases in DOC flux were modelled between the late 1980s and 2005. Fluxes continued to increase until around 2050, but at a lower rate. Also previously, organic C export simulations based on climate change scenarios and neural network modelling have indicated increasing C-fluxes in both Canadian rivers (Clair et al., 1999) and Finnish headwater streams (Holmberg et al., 2006) . According to Holmberg et al. (2006) , the high climate change scenario gave an increase of approximately 26% also of annual totN and totP export fluxes. Episodes with high-discharge and elevated element leaching like the one experienced during the pre-treatment period in 2004 are thus likely to increase in the future. Hence, considering the potential for both increased element leaching, the previous studies indicating climatic regulation of C-mineralization processes of Finnish lakes (Rantakari and Kortelainen, 2005; Hari et al., 2008; Rantakari, 2010) , as well as the results of the present manipulation experiment, it is plausible that future climate change will emphasise the role of lakes in landscape-scale carbon and nutrient cycling and lead to changes in greenhouse gas emissions from the lake surfaces.
Compared with the whole-lake manipulation experiment conducted in the deeper, oligotrophic clear-watered lake Breisjøen in southern Norway (Lydersen et al., 2008) , the changes observed in the shallow dystrophic Halsjärvi were -in line with our expectations -more distinct. The manipulation in Breisjøen increased the thermocline depth from 6 to 20 m, the mean temperature at the time of maximum heat content from 10.7 to 17.4 • C and delayed ice-on by about 20 days (Lydersen et al., 2008) . However, despite this major perturbation, only minor changes in water chemistry occurred during the experimental manipulation. Concentrations of sulphate declined (−2 µeq l −1 , p < 0.01), likely due to a response to reduced deposition input and possibly increased microbial activity. In the Halsjärvi experiment a slight relative increase in sulphate was observed (Table 3, treat-pre and treat-post), possibly due to reduced sulphate reduction caused by the smaller water volume of the anoxic hypolimnion. Lydersen et al. (2008) also observed decreased concentrations of TOC (−7 µmol l −1 , p < 0.01), particulate carbon (−5 µmol l −1 , p < 0.01) and nitrogen (−0.5 µmol l −1 , p < 0.01), suggesting that the manipulation enhanced the sedimentation velocity of particulate organic matter. A corresponding (but larger) decrease in TOC and totN concentrations was observed also in the Halsjärvi experiment, as well as an increase in sedimentation (Sect. 3.3). In Breisjøen there was no significant change in the concentration of phosphorus, the growth-limiting nutrient for phytoplankton. This was although water transparency increased and thus the growing conditions for phytoplankton might be better than before the mixing experiment, which was reflected to phytoplankton whose species richness increased and the composition was shifted. The manipulation did not affect zooplankton biodiversity and did not affect fish populations.
According to the results from the manipulation experiment in Halsjärvi, changes in the thermal regime and oxygen saturation may thus have significant effects on the vertical distribution of several chemical constituents, organic C and nutrient cycling, as well as methyl-Hg production and circulation. All these are important processes in dystrophic shallow lakes. Such lakes are very common in boreal and northern regions. In Finland there are about 56 000 lakes larger than 0.01 km 2 and most of them are located in forested areas and have high DOC concentration (Kortelainen et al., 1989; Forsius et al., 1990) . The global extent of natural lakes is twice as large as previously known (304 million lakes; 4.2 million km 2 in area) and is dominated in area by millions of water bodies smaller than 1 km 2 (Downing et al., 2006) . Projected climate change may thus modify their physical, chemical and biological conditions in the future.
Conclusions
The MyLake model simulations for Valkea-Kotinen assuming several climate change scenarios indicated large changes in the whole-lake mean temperature and a large decrease in the probability of ice cover. The thermocline manipulation carried out in this study resulted in large changes in the thermodynamic properties of the lake Halsjärvi which rather well represented the average simulated future increase in heat content in the summer/autumn season. Although the manipulation did not give a completely realistic picture of the expected changes in physical conditions, the design allowed an assessment of the resulting complex ecosystem responses. The manipulation experiment also gives a representative scenario for changes in single extreme years or changes in the lake wind exposure due to forest fires and/or management.
The manipulation resulted in changes in the oxygen stratification during the summer seasons of the shallow dystrophic lake Halsjärvi. The expansion of the oxic water layer (volume) increased the spatial extent of sediment surface oxicanoxic interfaces, and likely affected processes such as synthesis of methyl-Hg, sedimentation of Fe and Mn aggregates, and fluxes of methane-derived carbon into fish. The vertical distribution of alkalinity, nitrogen species and major cations was also affected, and increased sedimentation and decomposition likely contributed to the observed statistically significant decline in organic C and totN. Unfortunately, unusual hydrological conditions made the assessment of the results more uncertain. The changes in thermodynamic conditions, oxygen distribution, organic C and nutrient levels in Halsjärvi were large enough to induce biological responses in the aquatic food web.
Comparison with the results of the similar whole-lake manipulation experiment conducted in the deeper, oligotrophic clear-watered lake Breisjøen in southern Norway indicated that shallow dystrophic lake systems with strong internal processes, are more sensitive to physical perturbation. Small humic lakes are very abundant ecosystems in the boreal and northern regions, being of importance also for sedimentation of elements and as conduits for transferring terrestrially fixed C to the atmosphere. Within this context, the present study clearly indicated that whole-lake experiments can be a powerful method for evaluating and predicting environmental change to the perturbations caused by climate and landuse changes in these ecosystems.
